This study analyses the increasing number of catastrophic floods in the Niger River Basin, focusing on the relation between long term hydro-climatic variability and flood risk over the last 40 to 100 years. Time series for three subregions (Guinean, Sahelian, Benue) show a general consistency between the annual maximum discharge (AMAX) and climatic decadal patterns in West Africa regarding both trends and major changepoints. Variance analysis reveals rather stable AMAX distributions except for the Sahelian region, implying that the changes in flood behavior differ within the basin and affect mostly the dry Sahelian region. The timing of the floods within the year has changed only downstream of the Inner Niger Delta due to retention processes. The results of the hydro-climatic analysis generally correspond to the presented damage statistics on people affected by catastrophic floods. The damage statistics shows positive trends for the entire basin since the beginning in the 1980s, with the most extreme increase in the Middle Niger.
Introduction
In the last two decades, the occurrence of extensive catastrophic flooding has increased drastically in the Niger River Basin (NRB) [1] [2] [3] [4] . Kundzewicz et al. [5] put the regional flooding, also for Africa, in a global perspective, mentioning that losses have increased greatly globally and regional assessments are needed. Tarhule [6] addressed the catastrophic flooding in the Sahelian region scientifically for the first time, calling the floods "the other Sahelian hazard", alluding to the lesser significance of catastrophic floods in the face of the dominant water scarcity in the region. Since then, several studies have contributed to the discussion from different perspectives studying either climatic or hydrological time series or both for the entire West Africa or varying regions.
Paeth et al. [6] looked at the macro weather situation that led to the extreme flooding of 2007 and connected it to a La Niña event. Panthou et al. [1] , Ozer et al. [7] and Lebel and Ali [8] detected changes in rainfall patterns in the region and an end of the Sahel drought at the beginning of the 1990s. Mahé et al. [9] analyzed rainfall time series in the Sahel until 2006 and found increasing trends since the 1990s. Okpara et al. [10] analyzed general rainfall discharge relations, however without considering data after 2002. The studies of Panthou et al. [11, 12] analyzed changes in rainfall and heavy rainfall, concluding that there has been a recent increase in heavy precipitation. Due to the increase in heavy precipitation and flooding in the recent past, Casse et al. [13] analyzed satellite rainfall products in order to predict flood events of the Niger at Niamey. Jury [14] analyzed streamflow trends in Africa, including one station in the NRB (Niamey), and found an increase in streamflow that matched their general finding of a "return to wet conditions" in Africa in recent decades. Tarhule et al. [15] analyzed the hydroclimatic variability between 1901 and 2006 in the NRB, and found a general changepoint in the year 1969, after which both rainfall and streamflow time series show a positive trend in the NRB, confirming the wetting trend. Pouyard et al. [16] described the spatial and temporal variability of the water balance in the region by analyzing the relation of rainfall and runoff in small to large catchments. Albergel et al. [17] found that due to surface processes, heavy rains cause more surface runoff during dry periods than during wet periods [16] . Several studies like Amogu et al. [18] , Descroix et al. [3, 19] and Mahé et al. [20, 21] examined increasing river discharges in the Sahel and came to the conclusion that adverse land-use change and crusting of soils have led to an increase in surface runoff as the climate in the region tends to become drier. Descroix et al. [22] and Amogu et al. [2] also addressed this phenomenon, finding an increasing trend for streamflow of rivers in the Sahelian zone. Using modelling approaches, Aich et al. [23] and Séguis et al. [24] also found a strong influence of land use change effects on the flood trends in the region in addition to increasing rainfalls. Sighomnou et al. [25] backs up their findings and attributed the extreme flooding of 2012 to the aforementioned changes in land use and crusting for the region around Niamey. Another explanation for increasing flows in the Sahelian part of the Niger is introduced by Mamadou et al. [26] . They found that the runoff increase triggered a positive feedback, thus former endorheic ponds are more and more connected to the main river and contribute increasingly to the streamflow. The study of Tschakert et al. [27] summarized the discussion for floods in the Sahel and added the vulnerability perspective, concluding with a call "to lay to rest the desertification narrative (and) acquaint our minds to the possibility of both floods and droughts". Whilst mean discharges have been evaluated extensively, the relation of rainfall trends and extreme flows in the region has been addressed for the first time by Nka et al. [28] . They compared time series of floods in West African with rainfall and vegetation indices and found mainly increasing trends for the Sahel with a correlation with rainfall but not with vegetation. For the NRB the role of climatic variability for the flood risk has not been addressed systematically; neither has the associated impact on people been systematically collected and quantitatively evaluated.
This study aims to contribute to this discussion with an analysis of the trends in flooding and relate these trends to the reported impacts of catastrophic flooding on the local population in the NRB. The specific objectives were a) to assess changes and trends of rainfall and annual maximum discharge (AMAX) over the last 40 to 100 years using changepoint and variance analysis methods, b) to detect changes in the timing of annual flood peaks, and c) to assess and relate damage statistics on the impacts of floods to the results of this flood analysis.
In order to take the regional heterogeneity of the NRB into account, we differentiate between a Guinean, a Sahelian and the Benue subcatchment according to their main source areas and data availability ( Figure 1 ). Specific emphasis is put on the Sahelian sub-catchment in the Middle Niger, where two annual flood peaks occur (generally called the Guinean and Sahelian floods). The results are then discussed with a holistic view of the increasing flood risk, taking into account the changes in the hydroclimatic hazards, vulnerability and exposure. [29] [30] [31] . Discharge gauging stations used for analysis are marked in green and reservoirs as red ovals [32] .
Niger River Basin
The NRB covers a total area of approximately 2,156,000 km², of which only approximately 1,270,000 km² contribute to the river discharge ( Figure 1 ) [33] . The whole basin is spread over the territory of ten countries: Guinea, Côte d´Ivoire, Mali, Burkina Faso, Algeria, Benin, Niger, Chad, Cameroon and Nigeria [34] . It extends over different agro-climatic and hydrographic regions with individual topographic and drainage characteristics. The Niger runoff regime is affected by different types of reoccurring floods, which result from the geographic locations and characteristics of their main source areas. The first one is the Guinean Flood, which originates from the headwaters of the Niger in the low-altitude plateaus known as the Guinean highlands during the rainy season between July and November. The flood originating in the Guinean highlands experiences its peak usually around October. From here, the Niger and Bani Rivers flow into the Inner Niger Delta (IND). This vast wetland covers an area of approximately 36,000 km 2 in central Mali and comprises lakes and floodplains that are regularly flooded with large annual variations. It influences the hydrological regime of the Niger significantly by flattening and slowing down the peak of the annual flood [35, 36] . Due to the increasing distance and the buffering/retention effect of the wetlands, the flood peak leaves the IND with a delay of approximately three months. Therefore, it arrives in the middle section of the Niger around January, although rainfall in the Sahelian region falls at the same time as in the Guinean highlands. Thus, here the Guinean and Sahelian regimes generate a flood which can usually be clearly distinguished (an example is shown for the Niger at Niamey in Figure 2) .
Most of the inflow in the middle section of the NRB comes from the plateaus of the right-bank subbasins. The vast subbasins to the left reach up into the central Sahara but only contribute a minor amount of inflow, and local tributaries are endorheic most of the time [2] . The annual peak during the rainy season (July to November) in the mid-section of the Niger downstream of the IND is called the "Red Flood" or "Sahelian Flood", the latter of which will be used in this study for the second subregion. It is defined as subcatchment between Ansongo and Niamey. The third flood we focus on here is the flooding of the Benue River, which flows into the Niger at the Nigerian city of Lokoja. [29] [30] [31] . Discharge gauging stations used for analysis are marked in green and reservoirs as red ovals [32] .
Most of the inflow in the middle section of the NRB comes from the plateaus of the right-bank subbasins. The vast subbasins to the left reach up into the central Sahara but only contribute a minor amount of inflow, and local tributaries are endorheic most of the time [2] . The annual peak during the rainy season (July to November) in the mid-section of the Niger downstream of the IND is called the "Red Flood" or "Sahelian Flood", the latter of which will be used in this study for the second subregion. It is defined as subcatchment between Ansongo and Niamey. The third flood we focus on here is the flooding of the Benue River, which flows into the Niger at the Nigerian city of Lokoja. Coming from a high-altitude plateau, it is the largest tributary in terms of discharge and surpasses the Niger by about one-third at the confluence near Lokoja. This part of the NRB will henceforth be referred to as "Benue". Finally, the Niger flows into the Gulf of Guinea, forming the Niger Delta, a flat region characterized by swamps and lagoons [37] . As no discharge data were available for the region between Yidere Bode and the confluence of the Benue, nor for the part after the confluence, these parts are not included in the analysis.
The population density in the NRB ranges from less than one person per km² in the deserts of the North to over 1000 in rural areas in Nigeria and Mali (Figure 3 ) [38] . Of the three regions on which this study focuses, Benue is the most densely populated, with many regions containing over 100 persons per km². Also in the areas along the Niger River, however, many regions in the Upper NRB and the Middle Niger have similar population densities with over 100 persons per km². The population growth rate in the countries of the NRB is extreme, ranging from 2% to 3.5% increase per year with the highest growth rate in the Sahelian countries of Mali and Niger [39] . Coming from a high-altitude plateau, it is the largest tributary in terms of discharge and surpasses the Niger by about one-third at the confluence near Lokoja. This part of the NRB will henceforth be referred to as "Benue". Finally, the Niger flows into the Gulf of Guinea, forming the Niger Delta, a flat region characterized by swamps and lagoons [37] . As no discharge data were available for the region between Yidere Bode and the confluence of the Benue, nor for the part after the confluence, these parts are not included in the analysis. The population density in the NRB ranges from less than one person per km² in the deserts of the North to over 1000 in rural areas in Nigeria and Mali (Figure 3 ) [38] . Of the three regions on which this study focuses, Benue is the most densely populated, with many regions containing over 100 persons per km². Also in the areas along the Niger River, however, many regions in the Upper NRB and the Middle Niger have similar population densities with over 100 persons per km². The population growth rate in the countries of the NRB is extreme, ranging from 2% to 3.5% increase per year with the highest growth rate in the Sahelian countries of Mali and Niger [39] . [38] , and the Human Development Index 2013 [40] as proxy for the general vulnerability distribution. Coming from a high-altitude plateau, it is the largest tributary in terms of discharge and surpasses the Niger by about one-third at the confluence near Lokoja. This part of the NRB will henceforth be referred to as "Benue". Finally, the Niger flows into the Gulf of Guinea, forming the Niger Delta, a flat region characterized by swamps and lagoons [37] . As no discharge data were available for the region between Yidere Bode and the confluence of the Benue, nor for the part after the confluence, these parts are not included in the analysis. The population density in the NRB ranges from less than one person per km² in the deserts of the North to over 1000 in rural areas in Nigeria and Mali (Figure 3 ) [38] . Of the three regions on which this study focuses, Benue is the most densely populated, with many regions containing over 100 persons per km². Also in the areas along the Niger River, however, many regions in the Upper NRB and the Middle Niger have similar population densities with over 100 persons per km². The population growth rate in the countries of the NRB is extreme, ranging from 2% to 3.5% increase per year with the highest growth rate in the Sahelian countries of Mali and Niger [39] . [38] , and the Human Development Index 2013 [40] as proxy for the general vulnerability distribution. [38] , and the Human Development Index 2013 [40] as proxy for the general vulnerability distribution.
Methodology

Data
Discharge, Precipitation Data and Atlantic Multidecadal Oscillation Data
Observed river discharge at a daily resolution was provided by the Global Runoff Data Centre [41] and the Niger Basin Authority (NBA) [42] . In order to analyze the annual maximum discharge time series (AMAX) of the different regions, the data of available gauges of the respective regions are grouped (Guinean: Kouroussa, Koulikoro, Douna, Mopti; Sahelian: Ansongo, Alcongui, Garbe-Kourou, Niamey; Benue: Garoua, Ibi, Lokoja; see Figure 1 ). A list with details on the availability of data for the different gauges is added to the Supplementary Material, Table S1 . The Alcongui station at the Gorouol River and the Garbe-Kourou station at the Sirba River ( Figure 1) were not available in their entirety from Global Runoff Data Center (GRDC) data, and the missing years have been read-out from hydrographs which are available from the "Niger-HYCOS" project [43] . The Sahelian peaks are limited to August through October and do not occur every year. Therefore, the AMAX time series for the Sahelian flood at these gauging stations along the Niger River have gaps for years where a separate peak could not be distinguished. Due to these gaps, the time series were not be analyzed statistically. Therefore, two gauging stations at Sahelian tributaries to the Niger River, which are not influenced by the Guinean flood and therefore have no gaps, were used for statistical analysis.
To analyze precipitation in the regions, reanalysis data from the WATCH Forcing data ERA 40 (WFD) [44] (1960 to 2001) and the WATCH Forcing data ERA interim (WFDEI) [45] (1979-2012) has been used. The precipitation variable of both data sets are derived from ERA40 [46] respectively ERA-Interim [47] reanalysis data and statistically corrected using observation data from the Global Precipitation Climatology Center (GPCC) [48, 49] . They are sampled on a 0.5ˆ0.5 grid. For the analysis of heavy precipitation, the 95th percentile of the daily precipitation is derived for each year. Both parameters of the reanalysis time series of WFD and WFDEI were validated with observed rainfall data. For each region the data was compared with GPCC gridded observation data (see Supplementary Material Figure S1 ) and additionally the data was compared to selected weather stations from the World Meteorological Office Global Summary of the Day (GSOD) [50] for all subregions (Bamako in Mali, Gao in Mali, Niamey in Niger, Maradi in Niger, and Garoua in Cameroon, Figure 1 ) (Supplementary Material to Section 3.1, Figure S2 ). For this exercise, the reanalysis data was interpolated via the inverse distance weighting method to the location of the stations. The comparison showed differences in absolute values for both parameters and intermediate deviations for single years or short periods. However, the general trends are similar and since only relative changes are analyzed in the study, both data sets are sufficient for the analysis.
Data on People Affected by Floods and Vulnerability
Data on people affected by catastrophic flooding were derived from three different sources: the NatCatService of the Munich Reinsurance Company [29] , the EM-disaster database of the University of Leuven, Brussels [30] and the Global Active Archive of Large Flood Events of the Darthmouth flood observatory [31] . All data are based on media reviews of the respective organization and the collection of data from official sources. The latter archive derives additional information from remote sensing data. Only the period from 1979 to 2012 is considered for the analysis, since for this period consistent climatic reanalysis of WFDEI are available. All three sources provide additional information on whether the flood was a flash or river flood. The EM-disaster database distinguishes between "general river flood" and "flash flood", the NatCatService and the dataset of the Darthmouth flood observatory between "flood" and "flash flood". None of them are specific about the exact definition of flash flooding. Since the majority of the information is derived from the media, the discrimination between flood types is most probably not homogeneous; however, the rough differentiation is assumed to be correct. The data for West Africa is not systematically and uniformly collected. Some reports are on the village level whereas others are on the regional or even national level. The numbers of people affected by floods for the whole NRB or the individual regions have been summed up from the provincial or village level. For the Sahelian zone, most of the data was grouped and could not be distinguished from other regions in the Middle Niger. Therefore, the data also comprises the people affected for the whole Middle Niger until Yideré Bodé (Figure 1 ). Since most of the reports come from the media, the numbers reported are not verifiable and often differ substantially between sources. Another open question concerns a bias in media coverage, which might have increased during the last few decades and could result in an increasing number of flood reports. Tarhule [6] compared flood reports in the media for the region around Niamey with rainfall data. The study concluded that the quality of the environmental reporting of the newspapers is reasonable for the Niamey region from 1970 to 2000, allowing some confidence on data consistency over the last decades. Another aspect of the media coverage bias is the better coverage of urban areas compared to rural areas. However, as we do not analyze the spatial distribution of the flooding on the subregional scale, this bias does not affect the analyses directly. In sum, the data of people affected by floods are uncertain and should be interpreted with caution. Still, they are the best available source for damage data on catastrophic floods in West Africa, and even though their absolute numbers might be uncertain, the general trend of the combined three data sets are assumed to be reliable.
Data on population density, which is used as a proxy for exposure, was derived from the latest estimation of the Food and Agriculture Organization [38] . Since there is no specific flood vulnerability index for the region available, the Human Development Index ranking (HDI) [40] is used in this study as an indicator for the spatial distribution of vulnerability (as depicted in Figure 2 ). Data for the Human Development Index on country level as indicator was derived from the latest Human Development Index ranking of the United Nations for 2013 [40] . The index is based on the three key dimensions of human development, i.e., life expectancy, education, national income per capita. These factors are then aggregated into a composite index using the geometric mean. Since underdevelopment is closely linked to high vulnerability to disasters such as flooding the HDI can be seen as a proxy for flood vulnerability (e.g., [51] ). However, it should interpreted with caution since it is no specific measure for flood vulnerability and has distinct shortcomings in this regard-for example, not representing inequalities in the nations.
Statistics
In order to visualize tendencies in the data more clearly, the local regression-fitting technique LOESS was used [52] . It is a nonparametric regression method that combines multiple regression models in a k-nearest-neighbor-based meta-model. When plotted, it generates a smooth curve through a set of data points (LOESS Curve).
For analyzing the relation between time series, Spearman's rank correlation was applied with ρ as rank coefficient of a size n and d i is the difference between the ranks
This is a nonparametric measure of the statistical dependence between two variables and is widely used to assess monotonic relationships.
Monotonic linear trends in the precipitation, discharge and damage data were identified using the Mann-Kendall test [53] . This is a robust nonparametric test in which each element is compared with its successors and ranked as larger, equal or smaller. On this basis, it is possible to test the statistical significance of rejecting the null hypothesis (for all tests α = 0.05). The linear trend was estimated using the Theil-Sen approach [54, 55] . It computes the slope for all pairs of the ordinal time points of a time series and then used the median of these slopes as an estimate of the complete slope. Since serial independence is a requirement of the Mann-Kendall test, we checked beforehand for autocorrelations in all precipitation and hydrologic time series using the Durbin-Watson statistic test [56, 57] . If an autocorrelation of the first order was found, trend-free pre-whitening was applied according to the method proposed by Yue et al. [58] First, the trend estimated with the Theil-Sen approach was removed from the time series. Then, the first-order autocorrelation coefficient was calculated and subtracted from the time series. Finally, the trend was added back to the autocorrelation data and the Mann-Kendall test was applied in order to test for its significance.
Changepoint Identification
Since the West African climate is strongly dominated by a decadal pattern (e.g., [59, 60] ) changepoints are identified in order to see whether the AMAX follows this decadal pattern as well. For changepoint analysis, the cumulative sums method given by Page [61] is a common approach. Combined with an algorithm to minimize the cost Function (1), it is able to detect multiple changepoints [62] :
C is the cost function of the time series segment Y pt i´1`1 q : t i and β f pmq and is the penalty function. The cost function relates to the cost of segmentation. Different algorithms exist to minimize this function, and for this study the segmented neighborhood (SN) method of Auger and Lawrence [63] is appropriate because it is an exact approach and the datasets are relatively small so that the generally high computational cost of this method is acceptable. The cost functions for all possible segments are iteratively calculated. By that means, SN is able to compute the segments; however, it does not provide information about the number of segments which would be identical with the number of observations without restrictions. In order to prevent this overfitting, the penalty function was introduced. In this study, we used Akaike's Information Criterion (AIC) [64] :
where k is the number of parameters in the model and L is the maximized value of the likelihood function.
Non-Stationary Generalized Extreme Value Distribution
In order to detect non-linear and non-stationary trends in the AMAX time series, non-stationary Generalized Extreme value models (NSGEV) [65] have been used. This method has proven to be an effective tool, not only to detect trends in the flood average, but also in flood variability (e.g., [66, 67] ). The method is described in detail by Delgado et al. [66] and is based on the generalized extreme value function (GEV), which is cumulatively written as:
with µ as the location parameter, σ as the scale parameter and ξ as the shape parameter. This cumulative distribution is then fitted systematically with different combinations of linear, second-and third-degree time-dependent parameters, but only for the location and scale parameters. These time-dependent parameters were then inserted into a maximum likelihood function.
Instead of the different parameters, the linear or second-or third-degree terms were inserted into the likelihood function. In order to identify the parameter setting which best fits with the data, a likelihood deviance statistic was applied. By this means, it could be tested whether the model of higher complexity from stationary to third-degree is an improvement, and whether this improvement is not just obtained by chance but is instead significant. So, each model M 1 was tested against the simpler model M 0 . The deviance statistic of the models M 0 Ă M 1 is defined as
where 1 pM 1 q and 0 pM 0 q are the maximized log-likelihoods for the models. The distribution D is asymptotic, and its degree of fit can be tested with a Chi-square test (χ 2 k ). The degrees of freedom k express the difference in dimensionality between M 0 and M 1 . So, larger values of D suggest that model M 1 explains the variation in the data better than M 0 and is therewith accepted as the NSGEV distribution.
Wavelet Analysis of Annual Maximum Discharge Time Series
In order to see if the results of the NSGEV analysis are in line with general behavior of the variance/frequency of the AMAX time series, a wavelet power spectrum [68] is applied. This can be described as a correlation coefficient between a dataset and a given function. This function slides over the dataset and is scaled to account for different frequencies. In our case, we used the Morlet function, a complex nonorthogonal function which is commonly used for hydrographical time series (e.g., [66] ). The wavelet analysis is a powerful tool used to show changes in the frequency over time, and indicates whether trends exist in the variance of the time series. The wavelet coefficient is symbolized with specific colors. Changes in the coefficient between the Morlet function and the time series are therefore visible by a changing color patterns on the time axis for a certain period (year). Changing colors on a certain period are therefore related to changes in variance.
Periods and Time Series Analyzed
With regard to periods for the analysis, the longest possible period was always selected. For the changepoint analysis, the analysis of the shift in timing of AMAX and the NSGEV probability distributions, only AMAX data is needed and therefore the complete period of available data is used (changepoint and shift analysis: Guinean 1907-2012, Sahelian 1956-2012, Benue: 1970-2012. For the NSGEV, an analysis of the mean for all stations in one subregion might balance out changes in the frequency, the most complete time series for each subregion was selected for the trend detection. For the Guinean region, Kouroussa was selected because the flow is not influenced by the IND. For the Benue region, no time series was long enough for the analysis. In order to avoid the complex distributions of the whole time series that change their directions several times, the analysis was limited to the period after the changepoint around 1970 which was identified by the changepoint analysis in all regions and also by Tarhule et al. [15] . For the comparison of trends of AMAX, annual precipitation and heavy precipitation, the period from 1979-2012 is used since the used WFDEI data is available only for this period and due to the absolute differences of the data set, it is not possible to use WFD and WFDEI complementarily. 
and then stabilization in annual precipitation until the middle of the 1980s. The data for heavy precipitation in the region show similar trends and minima to annual precipitation. For the Guinean peak the evolution of the AMAX series corresponds to the annual precipitation. (Table 1) . Table 1 . Correlation of AMAX with heavy precipitation (95th percentile) and annual precipitation derived from WFDEI for the period from 1979-2012. All correlations are significant (α = 0.05). The AMAX time series of the Sahelian region (1950-2012) shows a decrease until the 1970s and a continuous increase since then, which is not in accordance with the rainfall trends. For the Sahelian Zone, this effect of increasing discharge despite decreasing rainfall is called the "Sahelian Paradox" and depicted in detail in Figure 5 . The evolution of AMAX for both flood peaks at Niamey is plotted in relation to the annual precipitation in the corresponding source area. For the Sahelian flow peak the mean of the AMAX time series of Garbe-Kourou and Alcongui are additionally depicted since for the Niamey time series it is not possible to identify the peak of the Sahelian flood (see Section 3.1.1). Heavy precipitation is plotted for the Sahelian region only because the source area for the Guinean peak is located in the Guinean highlands and approximately 1500 km away from the gauge in Niamey, where these events do not have a noticeable effect. The positive trend in the AMAX of the Sahelian peak started already in the 1970s. In contrast, the related rainfall data shows a further decrease and then stabilization in annual precipitation until the middle of the 1980s. The data for heavy precipitation in the region show similar trends and minima to annual precipitation. For the Guinean peak the evolution of the AMAX series corresponds to the annual precipitation. 
Guinean
Analysis of Changepoints of Annual Flood Peaks
Changepoint analysis was carried out to assess if the changes of AMAX are related to the longer-term climatic pattern of West Africa. In the literature, three main climatic periods are commonly distinguished for the second half of the 20th century in West Africa or particularly the Sahel region [7, 8] . The first period during the 1950s and 1960s was above-average wet and followed by a dry period during the 1970s and 1980s. During the 1990s, the rainfalls increased again. Corresponding changepoints were detected for the AMAX series of all three regions ( Figure 4) ; for the longer time series in Guinean region, a corresponding changepoint was detected before the 1950s. For the Guinean and the Sahelian a changepoint can be detected at the end of the 1970s. In the Benue, the time series only starts in the 1970s but its changepoint corresponds with the beginning of the third period in the 1990s. This last change is also reflected by the changepoints of the Guinean and the Sahelian region. This correspondence shows that the identified periods of higher and lower AMAX are roughly consistent with the West African decadal pattern. Figure 5 . Sahel Paradox depicted with annual/ heavy precipitation from WFD and WFDEI and AMAX for the Sahelian flood peak at Niamey, and the mean of Alcongui and Garbe-Kourou. The AMAX of the Guinean flood peak at Niamey is depicted with the respective precipitation in order to illustrate the difference. All time series as anomalies in % with Loess curves and global minima.
Analysis of Changes in the Variance of Annual Flood Peaks
Analysis of Changepoints of Annual Flood Peaks
Changepoint analysis was carried out to assess if the changes of AMAX are related to the longer-term climatic pattern of West Africa. In the literature, three main climatic periods are commonly distinguished for the second half of the 20th century in West Africa or particularly the Sahel region [7, 8] . The first period during the 1950s and 1960s was above-average wet and followed by a dry period during the 1970s and 1980s. During the 1990s, the rainfalls increased again. Corresponding changepoints were detected for the AMAX series of all three regions ( Figure 4) ; for the longer time series in Guinean region, a corresponding changepoint was detected before the 1950s. For the Guinean and the Sahelian a changepoint can be detected at the end of the 1970s. In the Benue, the time series only starts in the 1970s but its changepoint corresponds with the beginning of the third period in the 1990s. This last change is also reflected by the changepoints of the Guinean and the Sahelian region. This correspondence shows that the identified periods of higher and lower AMAX are roughly consistent with the West African decadal pattern.
Analysis of Changes in the Variance of Annual Flood Peaks
In contrast to the trend analysis, the AMAX time series have been analyzed using non-stationary generalized extreme value functions (NSGEV) in Figure 6 , in order to see if there are changes in their variability. For the Guinean region, a model with a constant scale parameter but a third-degree location parameter has the highest value in the Chi-square test and is therefore the most suitable for explaining the distribution of probabilities for the AMAX time series. The curve changed from higher (approx. 1200 m³¨s´1) discharge in 1969 to lower (approx. 500 m³¨s´1) discharges in the 1970s and 1980s, and then half-way back up (approx. 800 m³¨s´1) by 2012. This implies that the frequency of the AMAX in the Guinean subregion changed rather linearly. also similar probability values, which adds confidence to the result. For both stations, the peak moved from approximately 150 m³·s −1 to 300 m³·s −1, with an increasing rate at the end. The distributions of both of the latter stations become linearly flatter over time, which implies that the probability of the highest peak is decreasing but the probabilities of distinctly higher or distinctly lower discharges are increasing. In addition, the peak of the distribution is moving to more discharge with increasing intervals over time, implying an exponential increase.
In order to verify the results of the NSGEV, wavelet power spectra are applied to the same time series ( Figure S4, Supplementary Material) . For the Guinean time series wavelet, there is no significant change in variance during the last four decades. This supports the finding that no changes in variability occurred in the AMAX of this region, but only linear trends for the flood magnitude. The wavelet analysis for the time series of Garbe-Kourou also confirms the findings of the NSGEV. There is a change in frequency during the 1970s and 1980s and a return to the patterns of the 1950s and 1960s afterwards. This return to wet conditions is reflected in the change in probability of the NSGEV for this station beginning in 1969 and lasting until 2012. The results show that only in the dry catchments of the Middle Niger can a significant change of the variability towards more extreme AMAX be detected. 
Analysis of Changes in the Timing of Annual Flood Peaks
The temporal occurrence of AMAX (day of the year) was analyzed for all regions. No significant trend could be detected except for the stations downstream of the IND (Figure 7) . Here, AMAX timing of the Guinean flood shifted from February/March in the 1950s and 1960s to December/January in the 1970 to 1980s, and since then occurs again slightly later during January/February (see e.g., for the Malanville station in Figure 7 ). Due to the absence of temporal shift in other parts, the temporal shift of AMAX downstream of the IND is very unlikely to be a result of shifts in the rainfall regime, but may be explained by retention processes within the IND: water from the Guinean subregion accumulates in the delta and only a limited amount can pass through its outlet near Diré at any time. In the time periods of generally lower AMAX (as e.g., during the 1980s to 1990s), the floods reached the downstream stations considerably earlier in the year, whereas higher AMAX values as observed in the 1950s or 2010 resulted in a delay of the AMAX at gauging stations affected by the retention processes of the IND.
In summary, the timing of AMAX for the period 1910-2012 changes for the stations downstream of the IND where the Guinean flood occurs and depends on the total amount of water stored in the Delta. In contrast, the time series of the Sahelian tributaries Gorouol (Alcongui) and Sirba (Garbe-Kourou) can be explained with the best model fit by second degree location parameters and linear scale parameters. The NSGEV for these time series show not only the same characteristics but also similar probability values, which adds confidence to the result. For both stations, the peak moved from approximately 150 m³¨s´1 to 300 m³¨s´1 , with an increasing rate at the end. The distributions of both of the latter stations become linearly flatter over time, which implies that the probability of the highest peak is decreasing but the probabilities of distinctly higher or distinctly lower discharges are increasing. In addition, the peak of the distribution is moving to more discharge with increasing intervals over time, implying an exponential increase.
In order to verify the results of the NSGEV, wavelet power spectra are applied to the same time series ( Figure S4, Supplementary Material) . For the Guinean time series wavelet, there is no significant change in variance during the last four decades. This supports the finding that no changes in variability occurred in the AMAX of this region, but only linear trends for the flood magnitude. The wavelet analysis for the time series of Garbe-Kourou also confirms the findings of the NSGEV. There is a change in frequency during the 1970s and 1980s and a return to the patterns of the 1950s and 1960s afterwards. This return to wet conditions is reflected in the change in probability of the NSGEV for this station beginning in 1969 and lasting until 2012. The results show that only in the dry catchments of the Middle Niger can a significant change of the variability towards more extreme AMAX be detected.
The temporal occurrence of AMAX (day of the year) was analyzed for all regions. No significant trend could be detected except for the stations downstream of the IND (Figure 7) . Here, AMAX timing of the Guinean flood shifted from February/March in the 1950s and 1960s to December/January in the 1970 to 1980s, and since then occurs again slightly later during January/February (see e.g., for the Malanville station in Figure 7 ). Due to the absence of temporal shift in other parts, the temporal shift of AMAX downstream of the IND is very unlikely to be a result of shifts in the rainfall regime, but may be explained by retention processes within the IND: water from the Guinean subregion accumulates in the delta and only a limited amount can pass through its outlet near Diré at any time. In the time periods of generally lower AMAX (as e.g., during the 1980s to 1990s), the floods reached the downstream stations considerably earlier in the year, whereas higher AMAX values as observed in the 1950s or 2010 resulted in a delay of the AMAX at gauging stations affected by the retention processes of the IND. 
Analysis of Damage Statistics
The locations with the largest number of catastrophic floods between 1980 and 2012 were reported along the main stem of the Niger River, e.g., around the cities of Bamako, Niamey, Maradi and in the upper Benue, while they were less frequent in the Delta. The number of people affected by catastrophic floods in the NRB per year for the period from 1980 to 2014 is displayed in Figure 8 . The differences between the numbers for the three employed sources (see Section 3.1.2) is small for most of the years, though for some years at least one source has strong underestimations, e.g., the NatCatService for 1988 or the Darthmouth Flood Observatory data for 2009 and 2011. The increase in frequency of hazardous floods since the new millennium is striking. During the 1980s, around 120,000 people were affected by catastrophic flooding according to the reports, over 500,000 in the 1990s, and well over 10 million from 2000 until 2012.
In Figure 1 , the reported locations of catastrophic floods are plotted and flash floods were separated from areal and river floods, since both have different underlying mechanisms according to the differentiation of the three data sources (as detailed in Section 3.1.2). The majority of the floods are river and areal floods and only a small proportion of the catastrophic floods are flash floods. For the trend and correlation analysis, only the data on people affected by river floods were considered. Figure 1 also shows that floods in the NRB were relatively homogeneously distributed along the river and its main tributaries.
For the individual regions, the number of people affected by catastrophic floods is plotted in Figure 4 . Please note that it was not possible to distinguish the numbers of the Sahelian region from the other parts of the Middle Niger in the data sources because information was, in many cases, not clearly localized in the data sources (see Section 3.1.2). The scale is logarithmic, but a distinct positive trend is nevertheless visible for the Sahelian and Benue regions. It is not visible for the Guinean region, but in all three regions there is a statistically significant linear trend when tested with the Mann-Kendall test.
The relation between the increase in flood magnitude and the number of people affected by floods was tested with a correlation test (Figure 9 ). For the Sahelian and Benue regions it shows a strong correlation between AMAX and the number of people affected (Spearman's ρ: 0.67, 0.63). For the Guinean region, the correlation is still moderate at ρ = 0.37. Cases with high AMAX anomalies and no or few people affected might be explained either by missing reports, slowly rising water that allowed the population to prepare for the flood prevent damage or strong regional differences in AMAX levels. In summary, the timing of AMAX for the period 1910-2012 changes for the stations downstream of the IND where the Guinean flood occurs and depends on the total amount of water stored in the Delta.
The locations with the largest number of catastrophic floods between 1980 and 2012 were reported along the main stem of the Niger River, e.g., around the cities of Bamako, Niamey, Maradi and in the upper Benue, while they were less frequent in the Delta. The number of people affected by catastrophic floods in the NRB per year for the period from 1980 to 2014 is displayed in Figure 8 . The differences between the numbers for the three employed sources (see Section 3.1.2) is small for most of the years, though for some years at least one source has strong underestimations, e.g., the NatCatService for 1988 or the Darthmouth Flood Observatory data for 2009 and 2011. The increase in frequency of hazardous floods since the new millennium is striking. During the 1980s, around 120,000 people were affected by catastrophic flooding according to the reports, over 500,000 in the 1990s, and well over 10 million from 2000 until 2012. 
The relation between the increase in flood magnitude and the number of people affected by floods was tested with a correlation test (Figure 9 ). For the Sahelian and Benue regions it shows a strong correlation between AMAX and the number of people affected (Spearman's ρ: 0.67, 0.63). For the Guinean region, the correlation is still moderate at ρ = 0.37. Cases with high AMAX anomalies and no or few people affected might be explained either by missing reports, slowly rising water that allowed the population to prepare for the flood prevent damage or strong regional differences in AMAX levels. In Figure 1 , the reported locations of catastrophic floods are plotted and flash floods were separated from areal and river floods, since both have different underlying mechanisms according to the differentiation of the three data sources (as detailed in Section 3.1.2). The majority of the floods are river and areal floods and only a small proportion of the catastrophic floods are flash floods.
For the trend and correlation analysis, only the data on people affected by river floods were considered. Figure 1 also shows that floods in the NRB were relatively homogeneously distributed along the river and its main tributaries.
The relation between the increase in flood magnitude and the number of people affected by floods was tested with a correlation test (Figure 9 ). For the Sahelian and Benue regions it shows a strong correlation between AMAX and the number of people affected (Spearman's ρ: 0.67, 0.63). For the Guinean region, the correlation is still moderate at ρ = 0.37. Cases with high AMAX anomalies and no or few people affected might be explained either by missing reports, slowly rising water that allowed the population to prepare for the flood prevent damage or strong regional differences in AMAX levels. 
Discussion
The presented results related to research question on the long term statistics of rainfall and AMAX dynamics showed that the previously established high variability of rainfall and mean discharge also holds true for large floods, as was shown for the AMAX time series; the results also revealed a remarkably strong regional heterogeneity for the latter of the three.
The period from approximately 1970 to approximately 1990 was, in general, exceptionally dry in West Africa. In the Sahelian and Benue regions, the mean rainfall during this period was approximately 35% lower compared to the period before 1970. This dry period is followed by a return to wetter conditions in West Africa (e.g., [14, 15] ). During the return to a wet phase, the annual precipitation up to 2012 did not exceed values that had been measured during the 1960s. The trends for AMAX are mainly consistent with the rainfall trends and the correlation between precipitation and AMAX is strong for all regions ( Table 1 ). The variation of AMAX and the detected changepoints during the analyzed period of up to 100 years follow the decadal climatic pattern in West Africa. However, the magnitude of the trends is only consistent for the Guinean region, where the levels of AMAX do not exceed values from the 1950s and 1960s. For the Benue subregion, there is only one changepoint detectable and therefore the antecedent periods before 1970 cannot be compared.
In the Sahelian region, however, the AMAX levels of recent decades exceed the levels of the 1960s. Particularly remarkable is the increase in frequency and magnitude of Sahelian flooding, which was also found by Descroix et al. [3] . Even during the wet 1960s, the Guinean flood peak was always higher than the Sahelian peak. Starting in 1980, the Sahelian flood was higher than the Guinean in nine of the years. In Niamey, the flood peak of 2012 was the highest peak since the beginning of the records in 1929. This particular case of the Sahelian region is also reflected by the probability distribution. While the scale of the distribution stays constant for the Guinean region, it causes a flattening of the curve in the Sahelian region, implying that rare floods with a certain return period at the tail of the curve are more extreme during wet periods. Inaccuracies in the precipitation data as explanation for this inconsistency are unlikely, since the data has shown during the validation that general trends are robust. The most likely explanation for the more strongly 
In the Sahelian region, however, the AMAX levels of recent decades exceed the levels of the 1960s. Particularly remarkable is the increase in frequency and magnitude of Sahelian flooding, which was also found by Descroix et al. [3] . Even during the wet 1960s, the Guinean flood peak was always higher than the Sahelian peak. Starting in 1980, the Sahelian flood was higher than the Guinean in nine of the years. In Niamey, the flood peak of 2012 was the highest peak since the beginning of the records in 1929. This particular case of the Sahelian region is also reflected by the probability distribution. While the scale of the distribution stays constant for the Guinean region, it causes a flattening of the curve in the Sahelian region, implying that rare floods with a certain return period at the tail of the curve are more extreme during wet periods. Inaccuracies in the precipitation data as explanation for this inconsistency are unlikely, since the data has shown during the validation that general trends are robust. The most likely explanation for the more strongly increasing AMAX compared to precipitation is therefore a stronger effect of land-use change compared to other regions [23] . This effect was found by several detailed studies on effects of land-use changes for the Sahel region [3, [69] [70] [71] . However, the role of the groundwater in the region is also very complex and should be addressed systematically in order to see how it influences high flows [72, 73] .
The identified "Sahel Paradox" was first described by Albergel [17] and later addressed by several studies [2, [20] [21] [22] 74] . The systematic detection of the Sahelian peak supports the finding of the mentioned studies. The AMAX regime in the middle section of the Niger has changed distinctively over the past 30 years. Since the minima of the AMAX time series is distinctly before the minima of precipitation and heavy precipitation, it cannot explain the paradox of increasing discharge. However, from the end of the 1980s, all three trends show the same direction and, hence, there is currently no more paradox, even if the underlying process might still be continuing. For the time series of the Guinean flood peak, the minima for AMAX and precipitation are located in the middle of the 1980s, i.e., analogues to the precipitation and the regime can therefore likely be explained with the precipitation regime.
The results for research question on temporal shifts in the AMAX revealed a shift of the AMAX timing of the Guinean flood downstream of the IND. This shift is very likely not related to the timing of the rainfall regime, but rather to the amount of rainfall and a related retention process in the IND. The IND is responsible for a basin effect, where large Guinean floods occur up to 3 months later than small floods. The trend of the timing of the Guinean flood downstream of the IND reflects therefore the long-term trend of AMAX magnitudes.
The answer on the research question on the links between the increasing AMAX trends and the impact of catastrophic floods is complex. The results of the correlation analysis between AMAX and the people affected by floods, but also the visual comparison of trends of Figure 4 suggest a strong effect of the increasing flood magnitudes on the flood risk in the NRB. In the Guinean region only, the correlation is only moderate. However, the fact that the number of people affected by floods seems to have increased exponentially cannot be explained by the flood magnitudes. Therefore other factors influencing the flood risk, i.e., exposure and vulnerability [75] [76] [77] [78] have to be taken into account.
In West Africa, the population has multiplied by a factor of approximately 2.5 since 1980 [79] ; the increase in population is matching the trend of people affected by floods for the same period. For all countries in the NRB, the population growth rate is over 2%, and for the Sahelian countries of Mali and Niger even more than 3% [39] . In the Sahelian subbasin, where the strongest increasing trend in people affected by floods occurs, the population increase is also about one percentage point greater compared to the other subregions; Figure 2 shows the spatial distribution of population density for 2015 [39] .
Increasing vulnerability despite ongoing development in the region was found by Di Baldassarre et al. [80] . They showed that a kind of "levee-effect" increased vulnerability in the Niger basin, even absent the construction of levees. The "levee-effect" describes the fact that levees or other flood protections may actually increase flood losses because they encourage new development and settlement in the floodplain. When man-made flood protections fail in an extremely high flood, damages are higher than they would have been, had the protective measures not been installed [81] . In the Niger, the present research indicates that the extreme natural variability with its fluctuation of wet and dry periods has caused this effect. During the dry 1970s and 1980s, people settled in flood plains and other places that have traditionally been avoided for settlement due to flood risk and therefore increase their vulnerability [27] . Figure 2 provides an overview on current factors of flood risk in the NRB, taking into account the three described dimensions of flood risk hazard (changes in AMAX), vulnerability (HDI) and exposure (population density).
Conclusions
In all regions analyzed in the study, the number of people affected by catastrophic floods increased drastically. This increase can only partly be explained by increasing flood magnitudes and frequencies. Our results denote that the increasing flood risk in the NRB is caused by flood attributes such as intensity and frequency but not solely. Most likely an increase of exposure and vulnerability especially in the Middle Niger also contributes to the increase of flood risk. The substantial increase in inhabitants affected by floods in the Middle Niger is the result of the greatest increase in all of these factors in this subregion. Our statistical analysis confirms previous studies regarding a general return to wet conditions since the end of the 1980s and, moreover, detects an increase in annual maximum discharge (AMAX) in the NRB for the same time period. However, the relationship between the climatic drivers and discharge is complex and varies significantly between the regions of the basin. Several studies have shown that the changes in precipitation patterns in the region are very heterogeneous (e.g., [1, 8] ). This holds also for the sensitivity of the catchments in terms of changes. The dry Sahelian region is more sensitive to changes compared to the Guinean or Benue regions. The AMAX amplitude for dry (e.g., 1970s-1980s) and wet (e.g., 1950s-1960s, 2000s-2012) periods differ substantially between the regions, and the discharge regime of the Sahelian catchment shows the strongest reactions compared to the wetter regions. Only in the dry Sahelian part, the AMAX variability increases significantly during wet periods, and more extreme flood magnitudes become more probable. In order to account for dynamics of the entire basin and include climate change induced flood risk, detailed modelling studies on a subregional level are a prerequisite in order to project future flood risks in the NRB and discuss uncertainties [82] . Such an effort should include land-use change, population density and vulnerability, all of which are very likely strong factors for flood risk in the basin.
Other implications can be derived from the decadal AMAX patterns. Since West Africa is currently experiencing a period of relative wetness, the likelihood of above average AMAX in the coming years remains high, taking into account the consistent decadal patterns. This implies that short-term responses are needed in order to halt the trend of increasing flood risk, especially in the Middle Niger. A promising way includes the ongoing research activities on short-and medium-term hydrological forecasting systems, which should be connected with a flexible early-warning system. In the longer run, the existing action plan of the NBA should be implemented, which includes, for example, more dams for flood control. These measures on the supranational level need to be accompanied by complementary actions from the national to the household level.
Supplementary Materials: The following are available online at www.mdpi.com/2073-4441/8/4/165/s1. Table S1 and Figures S1-S4.
